Using a lysine-specific cleavable cross-linking reagent ethylene glycolbis(sulfosuccimidylsuccinate) (Sulfo-EGS), we studied conformational motion in the surface loops of Escherichia coli FepA during its transport of the siderophore ferric enterobactin. Site-directed mutagenesis determined that Sulfo-EGS reacted with two lysines, K332 and K483, and at least two other unidentified Lys residues in the surface loops of the outer membrane protein. The reagent cross-linked K483 in FepA L7 to either K332 in L5, forming a product that we designated band 1, or to the major outer membrane proteins OmpF, OmpC, and OmpA, forming band 2. Ferric enterobactin binding to FepA did not prevent modification of K483 by Sulfo-EGS but blocked its cross-linking to OmpF/C and OmpA and reduced its coupling to K332. These data show that the loops of FepA undergo conformational changes in vivo, with an approximate magnitude of 15 Å, from a ligand-free open state to a ligand-bound closed state. The coupling of FepA L7 to OmpF, OmpC, or OmpA was TonB independent and was unaffected by the uncouplers CCCP (carbonyl cyanide m-chlorophenylhydrazone) and DNP (2,4-dinitrophenol) but completely inhibited by cyanide.
In spite of evidence for conformational change within the surface loops of Escherichia coli ligand-gated porins (LGP) during binding and transport of ferric siderophores (3, 6, 16, 17, 22, 27, 32) , few differences appeared in the X-ray determinations of loop conformations of ligand-free and ligand-bound FhuA (11, 23) . This discrepancy raised two possibilities: either prior data implying loop motion in vivo were misinterpreted, or the X-ray analysis captured only one conformation of LGP loops that was perhaps predisposed by either the in vitro crystallographic environment or by the nature of the crystals themselves. In most porin crystals, for example, including those of FepA (5) and FhuA (11, 23) , packing interactions involved the loops (7, 37) . Purified LGP, furthermore, suffer about a 100-fold decrease in affinity for their respective siderophores, supporting the notion that the X-ray data on FepA and FhuA did not fully describe the loop conformations that occur in vivo. Crystallographic experiments with FecA, an LGP that transports ferric citrate, now affirm this concept: the loop conformations of ligand-free and ligand-bound FecA are distinctly different (10) . FecA is a homolog of FepA and FhuA: its relationship to FepA is so close that FecA also transports ferric enterobactin (FeEnt), albeit with lower affinity (46) (47) (48) . Here we report experiments with FepA that preceded (38) the FecA crystal structure, but recapitulate, in vivo, the conformational motion that was observed in FecA: FepA L7 changes from an open to a closed state when FeEnt binds.
The crystal structure of FepA revealed an important feature of its surface loops: they are flexible and, in some cases (L4, L5, and L7), too flexible to permit their crystallographic description. The X-ray analysis did not reveal many details of the ligand-binding site within FepA because the crystals showed only weak occupancy by FeEnt (in the outermost loop regions). In FhuA, however, ferrichrome bound deep within the vestibule formed by the surface loops. In the crystallized forms of both FepA and FhuA, their 11 surface loops consolidated and closed above the membrane surface, whether or not FeEnt or ferrichrome were present.
Treatment of E. coli with the homobifunctional cross-linking reagent ethylene glycolbis(sulfosuccimidylsuccinate) (Sulfo-EGS) produced two prominent products containing FepA, with molecular masses of 100 kDa (band 1) and 120 kDa (band 2) (39). Band 2 contained FepA coupled to OmpF and/or OmpC (which were indistinguishable because of their identical N termini) and OmpA. The cross-linking reactions were independent of TonB (39) , but preincubation of FepA with FeEnt or deletion of its N-terminal 150 residues inhibited them, presumably because ligand binding or removal of the globular domain closes the receptor (39) . The identification in the present study of FepA residues that participate in the crosslinking reactions further delineates the nature and extent of LGP conformational dynamics in vivo, which are unaffected by TonB but inhibited by cyanide.
MATERIALS AND METHODS
Bacterial strains and plasmids. Cross-linking reactions were performed in the fepA backgrounds of KDF541 (F Ϫ thi entA pro trp rpsL recA azi fepA fhuA cir) (36) , KDF571 (isogenic with KDF541, but tonB) (36) , and KNO16, which we obtained from AN718 (F Ϫ uncA401 argH pyrE entA [13] ) by spontaneous colicin B resistance (36) . fepA clones were identified by Western blots with ␣-FepA monoclonal antibody (MAb) 45 (28) and verified by the ability of pITS23 (fepA ϩ ; full promoter; on the low-copy-number vector pHSG575) (39) to restore growth stimulation by FeEnt and ColB susceptibility (28, 29) .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western immunoblots. Proteins were separated on 10% acrylamide slabs with either 0.26% (2) or 0.07% (15) bisacrylamide and were either stained with Coomassie blue or electrophoretically transferred to nitrocellulose paper. Western immunoblots were reacted with ␣-FepA MAbs 41 or 45, developed with 125 I-labeled protein A (6), visualized by exposure to X-ray films, and quantitated by image analysis with a Storm Scanner (Molecular Dynamics).
Sulfo-EGS cross-linking. Bacteria grown in morpholinepropanesulfonic acid (MOPS) minimal medium or sucrose gradient-purified outer membrane fractions were suspended in phosphate-buffered saline (PBS) at 10 9 cells/ml or 10 mg/ml, respectively. Sulfo-EGS (Pierce) was added to 4 mM, and the samples were incubated for 2 h at 0°C. Reactions were quenched by incubation with 50 mM Tris-Cl (pH 7.4) for 15 min, and cells or outer membrane proteins were pelleted by centrifugation, solubilized in sample buffer, subjected to SDS-PAGE, and then stained with Coomassie blue or transferred to nitrocellulose and stained with ␣-FepA MAb 45 and 125 I-labeled protein A. When indicated, 5 M FeEnt was added to the cells prior to exposure to Sulfo-EGS. Cross-linked bands were excised, cleaved by incubation with hydroxylamine, electroeluted in an ISCO concentrator, and reelectrophoresed. Cells were identically treated when prepared for quantitative binding analysis, except that bacteria cross-linked in the presence of FeEnt were warmed to 37°C for 10 min. to allow internalization of the siderophore.
Cross-linking in the presence of energy inhibitors. After growth for 5 h in MOPS minimal medium, energy inhibitors were added to the cultures, and they were incubated for an additional hour at 37°C. Cells were concentrated and resuspended in PBS containing the same concentration of inhibitor, chilled to 0°C, and then subjected to Sulfo-EGS in the usual manner. The concentrations of the energy inhibitors were previously shown to completely inhibit FeEnt transport (35) .
Cross-linking of BSA. Bovine serum albumin (BSA; 10 mg/ml; Gibco-BRL) was dialyzed against PBS, and aliquots (150 g) were prepared in PBS with or without energy inhibitors and incubated on ice for 15 min. Sulfo-EGS was then added to a final concentration of 1.5 mM. The samples were incubated for 2 h on ice and quenched by the addition of 50 mM Tris (pH 7.4) for 15 min; 4-g aliquots were analyzed by SDS-PAGE and Coomassie blue staining.
Siderophore binding. The adsorption of 59 FeEnt (6, 30, 39) was measured with KDF541 expressing FepA and its mutant or cross-linked derivatives.
RESULTS

Identity of Sulfo-EGS-cross-linked residues in FepA.
The ability of FeEnt to prevent the cross-linking of FepA to other outer membrane proteins (39) (Fig. 1) suggested that conformational changes occur in its suface loops during the siderophore binding reaction. The first step in characterizing the loop motion that gave rise to different cross-linking reactions was the identification of the reactive residue(s) in FepA. Sulfo-EGS reacts with primary amines, and its molecular mass (660 Da) restricts its reactivity to the cell surface of E. coli; we sought to identify the Lys residues in FepA that it modified. The observation of two cross-linked bands containing FepA, one of which included multiple proteins (band 2, OmpF/C and OmpA [39] ), suggested that the reagent reacted with two or more Lys side chains. We initially surveyed a series of deletion mutants that individually removed each of FepA's 11 cell surface loops (30) . Among the loop deletions, only five changed the cross-linking reactions (data not shown), in loops 2 (residues 98 to 123), 4 (residues 315 to 326), 7 (residues 467 to 497), 8 (residues 546 to 560), and 11 (residues 681 to 691). The altered reactivity of FepA⌬L2, FepA⌬L4, and FepA⌬L8 must have resulted from structural aberrations in the remaining loops, because these three deletions did not remove any lysines. FepA⌬L7 and FepA⌬L11 removed three Lys residues: K467 and K483 in L7 and K681 in L11. We individually changed these residues to Ala to eliminate their reactive primary amine side chains. The resulting mutants were phenotypically indistinguishable from wild-type FepA, except for a 10-fold reduction in the ColB sensitivity of cells expressing FepAK483A. However, immunoblots of lysates from crosslinked cells showed that the K483A mutation prevented the formation of bands 1 and 2 ( Fig. 1 ), whereas the K467A and K681A mutations had no visible effects. These initial data showed that K483 was one Sulfo-EGS-reactive surface residue that was responsible for the formation of bands 1 and 2 and suggested that FepA L7 undergoes conformational changes in the presence or absence of the ferric siderophore.
Composition of band 1. Hydroxylamine cleaves the crosslinks created by Sulfo-EGS (1), and we used this property to identify cell envelope proteins linked to FepA in band 2: OmpF/C and OmpA (39) . We sought to determine the components of the 100-kDa band 1 by the same methods, but the only protein we observed after the cleavage and reelectrophoresis of band 1 was FepA, despite repeated efforts with sufficient protein concentrations to allow visualization of the anticipated ϳ20-kDa protein.
However, in another SDS-PAGE system (15) the bands of interest migrated differently. Gels of this composition revealed that in lysates from bacteria treated with Sulfo-EGS, the previously perceived "wild-type" FepA band consisted of FepA proteins that were modified by the reagent (now designated band 0; Fig. 2 ): the alternative SDS-PAGE system revealed that no wild-type FepA remained after cross-linking. Nonspherical or incompletely denatured proteins may display anomalous electrophoretic mobility (8, 9, 14, 25, 42) , raising the possibility that Sulfo-EGS created internal cross-links within FepA that resulted in bands 0 and 1. To assess this idea, we mutagenized (to Ala) all of the Lys residues within 16 Å of K483: K167, K328, K332, K375, K406, K503, K535, K560, K634, K635, and K639. The substitution mutants retained wildtype FeEnt uptake ability and susceptibility to colicins B and D, but the cross-linking profile of K332A was altered, identifying it as the second residue involved in the formation of band 1 ( Fig. 2A) . In strains expressing FepAK332A, band 1 disappeared and band 2 doubled in intensity, showing that, in two competing reactions, Sulfo-EGS may conjugate K483 to other outer membrane proteins or to K332 in FepA L4. The abrogation of the internal cross-link with K332 also better revealed band 0, which contained previously unseen products involving other lysines (designated Lys X). We did not further pursue these reactions, which involved the attachment of Sulfo-EGS at sites that were not related to the cross-linking of FepA to other outer membrane proteins. In summary, bound FeEnt (Fig. 2) . To address the possibility that the ATP synthase acted in reverse to sustain PMF, we conducted Sulfo-EGS reactions in an unc strain (KNO16). However, in KNO16, in the presence of DNP and CCCP, Sulfo-EGS produced bands 1 and 2 in the same manner (data not shown). Thus, PMF depletion did not affect the conformation of FepA in a way that was detectable by the cross-linking analysis.
On the other hand, cyanide prevented cross-links to OmpF/C and OmpA and reduced the amount of band 1, just like the effect of bound FeEnt. Cyanide inhibits energy metabolism by blocking electron flow through cytochrome oxidase, and these data suggested suggested either a need for energy to generate the open form of FepA or a direct chemical inhibition of Sulfo-EGS reactivity by the poison. However, chemical inhibition by cyanide was unlikely, because it did not prevent the formation of band 1. Azide, another inhibitor of electron transport, did not affect band 2 but also diminished the amount of band 1 (Fig. 2b) . We tested the possibility that cyanide and azide directly interfere with Sulfo-EGS reactivity by studying their effects on the cross-linking of BSA (Fig. 2C) . Cyanide had no effect on the BSA cross-linking reactions, and azide only slightly inhibited the reagent (Ͻ1%), which was considerably less than its effects on band 1. Finally, the effects of cyanide and azide were the same in the unc strain, KNO16 (data not shown).
Ligand binding by cross-linked FepA proteins. We studied the effect of Sulfo-EGS treatment on the ability of cells expressing FepA and FepAK483A to bind 59 FeEnt. We first cross-linked in the absence of the ligand and determined the effects on 59 FeEnt adsorption. We then cross-linked cells in the presence of FeEnt and subsequently measured 59 FeEnt binding. That experiment had several stages. We incubated bacteria a Bacteria were subjected to Sulfo-EGS in the presence or absence of FeEnt, and the 59 FeEnt-binding capacity (pmol/10 9 cells) and binding affinity were determined. The experiments were performed twice, and mean values were plotted with GRAFIT (Erithacus) to yield the binding parameters. The mean standard error of the fitted curves that produced the capacity values was 4.7% with a standard deviation of 2%; the mean standard error of the fitted curves that produced the K d values was 19%, with a standard deviation of 7%. The fold reduction in affinity was calculated relative to that of the wild type. at 0°C with saturating FeEnt and divided the sample, exposing half to Sulfo-EGS and half to buffer. After quenching of the cross-linking reaction, dilution, and centrifugation, we resuspended the aliquots of (live) bacteria in MOPS medium at 37°C for 10 min to allow transport of the bound FeEnt. Finally, we chilled the cells and determined their affinity and capacity for 59 FeEnt. The binding assays revealed several things about the modified proteins (Table 1) Image analysis of Figs 1 and 2 indicated that Sulfo-EGS converted one-third of FepA to band 2 (K483-OmpF/C and -OmpA), one-third to band 1 (K483-K332), and one-third to band 0 (Sulfo-EGS-LysX). The reduction in binding capacity derived primarily from reaction of Sulfo-EGS with K483, because FepAK483A showed no loss of capacity after exposure to the reagent (from points i and iv above). Thus, reactions of Sulfo-EGS with K332 or LysX, which occurred in cells expressing K483A, did not decrease capacity. K483 is accessible in both ligand-free and the ligand-bound FepA because the capacity loss occurred in the absence or presence of FeEnt (points i and ii above). The latter finding indicated that FeEnt binding did not prevent the cross-linking of FepA to OmpF/ C/A by steric hindrance of the Sulfo-EGS reaction with K483. Instead, these data support the alternative explanation that FeEnt inhibited cross-linking to other outer membrane proteins by inducing a conformational change from the open to the closed form.
The effects of Sulfo-EGS on affinity agreed with these interpretations. The 8-fold reduction in affinity by reaction of Sulfo-EGS with K483 and the 10-fold reduction that occurred upon mutagenesis of K483 to Ala were comparable (points ii and iii above). The further, ϳ10-fold reductions in affinity that modification of K332 and LysX engendered were seen in both FepA and FepA483A (points i and iv above), and FeEnt binding prevented such decreases (points i, ii, iv, and v).
DISCUSSION
Although the crystal structures of many E. coli outer membrane proteins are known (e.g., OmpF [7] , LamB [37] , OmpA [31] , FepA [5] , FhuA [11, 23] , phospholipase A2 [41] , OmpT [43] , and TolC [18] ), the nature and extent of conformational motion within these proteins in vivo is unknown. FepAK332 resides in an unsolved region of L4 (5); K483 resides in L7, and only the ␣ and ␤ carbons of its side chain were crystallographically described, presumably because of the flexibility of the loop (Fig. 3) . In the crystalline, closed form, K483 localizes above the center of the FepA ␤-barrel (5), and the crosslinking of K483 to OmpF/C and OmpA is inconsistent with this position. The distance from K483 (␤ carbon) to the rim of the FepA barrel varies between 20 Å and 24 Å ; the distance to residues of OmpF/C or OmpA is closer to 30 Å ; because they contain smaller surface loops that project less above the membrane bilayer than those of FepA. Even considering the additional 4 Å of the ␥, ␦, and ε atoms of the K483 side chain, the 16-Å length of Sulfo-EGS is insufficient (by ca. 15 Å ) to reach other outer membrane proteins (Fig. 3) . Steric factors are relevant, because the X-ray data portrayed K483 sunken within the FepA vestibule. To surmount such a 15-Å gap between participant lysines requires flexibility and motion in FepA L7, of the exact the magnitude that was seen on ligand binding by FecA (10) . Our results demonstrate that such motion occurs not just in FecA but also in FepA in vivo, relocating the ε-amine of K483 at least 15 Å closer to neighboring proteins in the outer membrane membrane bilayer. These data raise the possibility that such conformational changes are a general facet of siderophore transport dynamics, even though these changes were not observed in the FhuA crystal structure.
These considerations depict large movements in the binding site that support our postulate of an open form that closes when the ferric siderophore binds or when it is extracted from its native environment of the outer membrane (6, 16, 29, 32, 39) . Other experiments with both FepA and FhuA suggested that they are different in vivo and in vitro (6, 24, 32, 46, 48) , although exact explanations of these discrepancies were unknown. In bacteria, for instance, the FepA-FeEnt binding reaction has a K d of 0.1 to 0.2 nM (6, 30; the present study), whereas for purified FepA the K d is 15 to 20 nM (12, 32, 47, 48) . Similar differences exist for the FhuA-Fc binding reaction (24, 39) . Although these experiments evaluated only L7, its motion suggests that other loops, which we did not observe, may undergo similar dynamics. The flexibility of L4 and L5 seen in the crystal stucture and experiments with fluorescent and paramagnetic probes attached to sites in other loops (6, 16, 32) support this idea.
LGP-mediated metal transport is TonB (33, 44) and energy dependent (45) , and the energetic requirement at least in part involves proton motive force (4). The Sulfo-EGS cross-linking reactions of FepA to OmpF/C and OmpA were TonB independent (39) and unaffected by PMF deflaters (CCCP and DNP) but eliminated by the electron transport inhibitor cyanide. This effect was not chemical inhibition of the crosslinking reaction, suggesting that cyanide blocks adoption of the open form by FepA. This phenomenon may involve energy, but more work is needed to understand the effect of cyanide, especially because azide, another electron transport inhibitor, did not block the formation of band 2. Pugsley and Reeves (35) saw elimination of FeEnt uptake by exposure of E. coli to electron transport inhibitors, but their studies did not address the outer membrane transport stage. The LGP requirements for energy and TonB are considered inseparable, in that TonB was proposed to transfer (PMF) energy from the inner membrane to the outer membrane (19-21, 33, 34) , but the participation of TonB in energy metabolism or transfer has never been biochemically demonstrated. In our experiments, cyanide and the tonB marker produced different effects on FepA.
Previous experiments with formaldehyde showed low-level cross-linking between FepA and TonB (34, 40 ments do not clarify the proposed relationship between the two cell envelope proteins, because in spite of the fact that Sulfo-EGS reacts exclusively with the primary ε-amine of Lys, which formaldehyde also activates, the larger size of the former reagent restricts its targets to residues on the bacterial cell surface. Formaldehyde may enter the periplasm by diffusion through general porins, is membrane permeant, and the full spectrum of its chemical reactivity in biological systems is unknown (26) . So the absence of FepA-TonB complexes in our experiments neither conflicts with prior data nor further elucidates the relationship between these two cell envelope proteins.
The evidence for a biphasic mechanism of FepA binding in vivo is substantial. In addition to biphasic adsorption kinetics (32) , mutations in two different regions of the FepA vestibule affect the binding reaction (6, 29) . In this context, the conditions that prevented the Sulfo-EGS-mediated conjugation of FepAL7 to OmpF/C and OmpA (deletion of the N domain, FIG. 3 . Space-filling representations of OmpA, FepA, and OmpF showing a view of their surface Lys residues, including those in FepA that we mutagenized (enumerated) (top), and a side view in which the outer membrane proteins are aligned by their girdles of aromatic amino acids (yellow) at the internal and external interfaces of the outer membrane bilayer (bottom). Lys residues are shown in CPK colors. FepA residues 323 and 335, which define the terminal crystallographically solved portions of L4, are green. K332 exists somewhere between these two amino acids, close to residue 335. K483 is highlighted in the center of FepA. treatment with cyanide, and FeEnt binding) suggest that the formation of the ligand-free open state requires the presence of the globular domain within the ␤-barrel, and perhaps also, non-PMF energy. Entry of metal chelates into the vestibular "mouth"of LGP, where they interact with binding determinants contained therein, initiates loop closing. The avidity of the binding interactions (K d Ϸ 10 Ϫ10 M) likely provides the energy for this structural rearrangement to the closed form, in which the metal complex sits above the N-terminal globular domain, poised for internalization.
